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ABSTRACT 



eectrochemlca/ technic such as: oom^^ c^^na 
facftn/que. 

KEY WORDS: etecJrochorrfca/. m/cfobtotog/caflK influenced 
ston. Jesting ■■• 

INTRODUCTION 

on and influence the corrosion of metals and alloys «™ n =~ l " 

n^rjv^ng the electrochemical condftons at tr* rmrtal 
^WThfloraocally. these changes may have rrarry effects, 

S *S£ * thein. 

Si^Soirundar be* aerobic and anaerobe con* 
tons. 



-Suhmmed (or pubtofion torch 1990; in revised form. November 1990. 
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Recently, there has developed a greater r»»a^ o1tt» 
. -L^hiAirviieallv influenced corrosion (MIC) pro- 

species oi m "7Vl t ^ o-^th of different microbial speaes 
stances (EPS. ors^"*™> «rodc»*»«ta*: -. . : 

and concentration of anions, pH, oxygen to - . 

rt. accordingly, in the electrochemical parameters 
measured in laboratory experiments. 

laboratory studies have often been made vvithc^W 
me nSS^ta change in l»« passive «"> °"* e 
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system can lead to a better on******* of the mechanisms in- 
volved in many cases of MIC. 

OPEN-CIRCUIT CORROSION POTENTIAL 



•n» pen-circuit potential (or corrosion potential) 
• „ J^be measured by determining the voltage difference 
^S^mlSersed In a corrosive rr^um ^ana^ 

» htah-imnedaiK»^«n«iBr» or an electrometer. 
011 a nig ^t^P^ 8 ^" measuring sman voltages wBhout 

drawing enough current to polarize ^J™*£* } 

SSeSiTf-m of iron sulfide. T*ese J-*^**^ 
prZfaTfor studying corrosion by SRB wereBnMteO oy 

Stt^t A detecting me inflation o» 
^rWoS^n^rfments were aiso used to m* 

STSmLS during the degradation of hydrocarbon chain wo* 
K^ireTusing drfferences in the variation of tte ^ open- 
£ KonUn^al «. time, it was 
between the typical behavior of a passive metal constant poien^ 

scoDic observation of the samples indicated the P f^ ^P 1 ? 

^g^eX^rosion zones, confirming the results suggested by 

the electrochemical n^asuremen^: _ ■ t variations 

Several papers have been pubfished r ^^ if ™* 
5 * svw TLr«cin rt nntnntiai wth time to follow the effects 

in the measured ^^^^^^^^Z^^ altovs in sea- - 

S^^'^Sdata show that potential ennoblemert does 
TJSZ* s-h as70/30 vgfiS^ZT - 

.... ^iiz^^^^lt 

- TpX.ce of a btofilm when it is ^"^f but 

Sr data obtained under identical expenmental cot«Stlofebut 
St Several techniques for, remo*9 *e 
^Ls from natural waters have been discussed In the 
lrterature. 1, • 14 

"HjNS numbers are Bsled 'm Metals and Mays In the United "v™*^*™ 
^^bytheSoctetyofAutcxr^ 
American Society lor Testing and Materials (ASTM). 
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RFnUCTION-OXIDA TlON (REDOX) POTENTIAL 

. J_ -^^ a i .i^fui fn oredictinq whether or not a given 

Under f^^ ootS dTenvironrnent such as moist so,, 
current The redox potenoai iu . ™ nyuoen reaction as mea- 
actually the equHfirium poterAal ofthe "W"?^, ^ 

sured on a ^^f^^T^J^^Zsm sur- 

with deaeasrng ^^^^^^^^^ frequently tn 
Redox potential measurements have been useo ^ » 
Heoox pow u« .itahaittf of a orven environment for 

gro** ^^^^^u^an environment with 
°"<V i". 1 " 6 ^S^S*! te^rally less than 

X£ e^^ction such as oxygen reduction: 



1/202 + H a O a* 20H" - 2e" 



(D 



m3m» the Nemst equation corresponding to Re**on (1) 

above: 



E » E° - 



2F 



In 



[OH-f 



p 1/2 

* i 



(2) 



the aggressiveness of soils towara»^ media toward 

metals and under equilibrium conditions. 

"^isSssssssssK- 

sured under tnesecwww^ ^ r ^ mes * urejeraoes 
characteristics otthaterrvrronment f^*Sft?SS5 
as a result of bacterial metabolism. ^^*X7^ e ' 

2533333=3=?* 

SHEETS-"* *^?J??jZ^ 

S Potential -^^^^^rTC the 

bnmersion tone of the ptatmum . ^ — g 3 . 

avoid colonization by the mteroorganems. : "JTSI'J EI 
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FIGURE 1. Open-circuit potential vs time 5 for 2024 aluminum alloy in (1) Hormoconfs resinee outturn, 
pH 4.0; E^to; « -0.27 and (2) sterile medium containing J3 mg per 1000 ml dodecandc acid 
8tpH7.0 



400 



g 300 



Natural setter 




14 21 
Tine (Days) 

FIGURE Z Open-circuit potentials of a/toy C-276 dunng bofilm 
formation in natural and filtered seawaters* 



in these systems through oxygen consumption, the production of 
metabolites, and the incorporation of products o* cellular lysis in 
the medium. 18 The consumption of oxygen produces a decrease 
in the cathodic reaction rate, favoring protection of the metal, but 
the production ot acid or oxidizing substances counteracts the oxy- 
gen depletion producing a net increase in the cathodic rate. There-, 
tore, the influence of pH and oxygen levels on the breakdown of " 
passivity of aluminum can be used together with redox potential ' 
variations in understanding the changes produced in the medium " 
during microbial growth in fuel water systems. The more noble 
(positive) values of the redox potentials measured in cultures of ' 
H. msinae and fiseudomonas aeruginosa (Table 1) as compared ■ • 
to those in sterile media are explained by an increase in the 
amount of reducible species existing in the solution (protons or 
metabolic products). ' ; 

* ■ *, ■ 

* * * 

Noble redox potential values along with noble corrosion po- 
tentials and active pitting potential (Ep) values can explain the ag- 
gressiveness of H. resinae for aluminum. In fuel/water systems 
where different species of bacteria and fungi often grow together, 
the redox potential can be useful in studying the rote played by 
each species in modification of the medium. Jn the case of active- 
-passive metals like aluminum and its alloys, where a localized 
form ol attack is predominant, the use of redox potentials together 
with an electrochemical parameter, such as the corrosion potential 
°* tpf can be of great importance in assessing whether the 
oxidizing conditions of the medium can reach the values needed 
to Initiate localized corrosion. 18 



DIRECT CURRENT POLARIZATION METHODS 

The current-potential (Evans) diagram is a graphical method 
for demonstrating the relationship between the reversible poten- 
tials of anodes and cathodes and the polarization behavior of an- 
odic and cathodic reactions. Both reactions are represented as 
linear curves that converge and intersect on a potential (E) vstog J 
plot The intersection point corresponds to the corrosion potential 
and the corrosion current. If these curves could be measured d- 
rectly, then the corrosion current could be determined, and it could 
be converted to the instantaneous, average uniform corrosion rate 
of the metal through Faraday's law. 

Unfortunately, neither the reversed potentials nor the corro- 
sion current can be measured directly. Thus, indirect methods 
must be used, and a large number of such methods have been 
developed. The general procedure is to use a potentiostat in con- 
junction with a reference electrode to measure the corrosion po- 
tential, and then to polarize the specimen from the corrosion po- 
tential, In either the active (cathodic) direction, or the noble 
(anodic) direction, or both. Depending upon the method to be 
used, these polarizations may be large (several hundred millivolts) 
or small (e.g., 10 to 20 mV), and they may be done by controlling 
either the applied potential or the applied current Polarizations 
may also be done either quasi-statically in discrete stops at some 
appropriate time interval (25 mV every 5 minutes is common) or 
dynamically at a constant scan rate. The utility and limitations of ... 
several of these techniques for investigating MIC will now be d&-' . 
cussed. 

Tafel Polarization * 

Increasing the applied potential in the noble Direction away " 
from the corrosion potential causes the specimen to behave as an 
anode. The anodic current Increases with increasingly noble po- 
• tential, giving rise to the measured anodic curve. In theory, both 
the cathodic and the anodic curves should be linear when the ap- 
plied potential, V, is plotted vs the logarithm of the current density, 
i (A/cm 2 ), and the two curves should intersect at a point represent- 
ing the corrosion potential and the corrosion current density. The 
measured tog current vs potential curves both deviate from Knear- 
fty in the vicinity of the corrosion potential; nevertheless, both often 
contain finear segments, sometimes referred to as Tafel regions. 
Extrapolating the linear segments of either the anodic or cathodic 
curves back to the corrosion potential yields the corrosion current 
density (Figure 3). Strictly speaking, such extrapolations give a 
valid value tor the corrosion current density only when the linear 
Tafel region extends for several decades of current Extrapolations 
from the linear segment of the cathodic curve are generally pre- 
ferred, since the latter is often easier to measure experimentally 
and is less affected by corrosion-product and biological films. Sev- 
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TABLE 1 

Redox potentials for Different Cultures 
of JSSu Contaminants of Kerosene Fuels 



Microorganisms 

Hresinae 
H resinae 
Hresinae 
Ps. aeruginosa if 
Ps. aeruginosa I 
Candida sp. 

Candida sp- + »■ aeruginosa 
P$. aeruginosa II + H resmae 

Sterile medium 



pH 


Eh 

t 


.4.8 


-420 


3.2 


-328 


2.6 


-288 


5.1 


-438 


6.2 


-438 


6.0 


-426 


i 4.5 


-333 


4.5 


-323 


7.0 


-480 



Incubation Time 
(days) 

30 
90 
180 
30 
30 
30 
30 
30 



NOBLE 



ANOOIC 

curve 



LINEAR 

POLARIZATION 

REGION 
i 




'COM* 



LOG. CURRENT DENSITY — 
FIGURE 3. MMMuwfflent <* extrapolation. 



Ara , wacticaI procedures are described in the corro^meratoire 

dures. The corrosion currerttJensity carUie conveww 
skyn rate according to the raUimtapB •-. 



R «<L13 w^P 



(3) 



^^^^^^^ 

SKJSK Ruction reaction take place or in when 

Luo.^^Salvano^.iC) pM>n. 

been used for several decades in the _stud> rof ^^^pX 
LjL„ h„ srb Booth and Tiller 2 " used anodic and eathodic poiar 

in the presence of «ts^of 
^ Ascertain the effect of the enzyme hydrogenase on ca- 
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SSSSd corrosion induced by SRB. 
to identity the baac"^° poianzaUon curves for 

Uter, other authors ^^ r ^~ """ ri JE! suspensions of iron 
rrtld steel In sterile medium ^^* e ^Xmpt to demor, 

strata that cathode ™P°^""" recently, polarization expen- 

success as ^^ ^■ r^ ned Rrst, the rather 

^S^^d r?cSW etedrochemical cor.- 
tesepolanzatonsre^ednayw™^ ^^ ^^^^,,, . 

^tfXSSZS foments should 
microorganisms tote b««m. l ^ uw 

purpose ctMbmo ™ a "«*o Wormation for research purposes 
They may. ^^T^e^S Second, these measure- 
H done once at the *^***L??z[^ ier the distribution of corro- 

^ T *Z ^rSl^s uS toclized) or on the rela- 
sion on the metal surface _f.Mii, b Mm pared to that of 

*° Si ^XweMesigned 

other parameters. Ths n^ that en ^ ^ ^ ^ 

control experiments are necessary 
or even interpretable. 

Poten.iodynamfc ^jep^u^Z useful * charade. 

The potenti«rynam«^n^arer™« ^ ^ 

iring. and sometimes peeling, •£?£££tos ^ formation 
electrolyte systems in vm«* the "^^^ polarization 
of a protective (or passive) ^^Sof^« eJur* 
diagram for a P*^* rr^jW^ and their alloys, is 
num. chromium, cobalt. '^J^^S^Starttng wBh the re- 

verSi " e me tTr^e general corrosion 

one encounters first the aenve rey • ^ poten- 

tates place. ^"S^SiV stable 
U. Upon reaching the pnmary Und er these condn 

oxide films can form in aerated en«rorar«w^ 
tons, th«— is said to^passwate ^£5*e current den- 

sity. W^ wert ?^?S^i in electrolytes ot more neutral 
beravtor is ^^^ af ^^^^Z^o^ potential 
pH Cue,.- most natural aqueous ^^^j^^^ak is 

not observed. At more none P"™"""' 0n08 again, 

encountered, m vmich the «rros»n ^^^°^ on ^ 

ITS SS* the potent a, 

which pitting begins in the next section. 



I plumy we»»— — 

For a given corroding metal. ^^J^t^ 

^^e^are iUrstrated '^f^^. 

fbte cathode potential, ti. causey a» case 2. 

in ,he active c^^T* 9 K^eTintersec- 
the reversWe cathode potental Efc fe ^ ^ sjt . 

Sons are possible at pornts B. Candaw is tom 
uation because ^1^^^^^^. Case 
being passive to **2f»££ m £ VZmost desirable. This 
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PRODUCED WATER STERILE PRODUCED WATER 




Current D»n*Myt*»4 eoHJ 



FIGURE 4. Polarization curves for mild staelin (a) produced water 
with natural microflora; (b) sterile produced water inoculated with 
Pseudomonas sp. 200, Numbers on curves indicate incubation 
times in hours.* 4 




i i , r, 

'O 'p 'crit. 

Log i 



FIGURE S. Schematic Stem diagram tor anodic polarization of a 
"passivatable" metal. 



Case 4, the cathode potential. E4, is noble enough to place the 
intersection at or above the start of the transpassive region, lead* 
ing to localized corrosion. In Figure 6, the differences in oWrvott- 
age are depicted as if they were all thermodynamically coUrolted 
by the reversible cathode potential, In practice, the differences^ 
in overvottage could just as easily be caused by changes in the • 
cathodic kinetics through variations in the exchange current den- 
sity, io, Tafet slope, p, or passive current density, ^ as shown 
schematically 88 by Dexter in figure 7 for a stainless alloy in a neu- 
tral pH aqueous chloride environment 



312 



* + 




Log i 

FIGURE 6. Schematic diagram of the intersection of tour different 
cathodic curves with the anodic curve for a passivatabie metal 
Depending upon the cathodic curve, the corrosion potential may faff 
in the active (A), stable passive (E)> unstable passive (B through D), 
or transpassive (F) regions. 



In order for a metal to remain in stable passivity, ft must have 
a low ^rtj, an active Epp, and a sufficiently noble start of the tran- 
spassive region to give an intersection of the anodic and cathodic 
curves similar to that in Figure 7 or Case 3 of Figure 6. This is the 
normal case for most austenrtic, duplex, and super terrific stainless 
alloys in aqueous electrolytes. The anodic and cathodic curves •* 
can then be affected sufficiently to disturb passivity by changes In 
solution chemistry, pH, temperature, hyorodyrtamics, or passive 
film formation tendencies. The presence of m ic roe w ga nis ms on the 
metal surface either in the form of a distr&uted biofilm or discrete 
colonies can bring about such changes. It has recently been docu- 
mented that a transition from Case 3 to Case 4 behavior can be:.; 
* caused by a general biofilm forming on stainless alloys immersed 
in seawater." In that paper, the authors diagram the mechanism 
(Figure 6) as if the biofilm caused a change in cathode kinetics, 
but they admit that it could be related to either kinetics or thermo- 
dynamics. In systems where MIC is a possibility, ft is important to 
know whether a change from Case 3 to Case 1, 2 or 4 behavior is 
likely. In many cases, the information needed can be obtained 
through potentiooynamic sweep techniques. 

The basic techniques used in running these tests can be 
found in ASTM* 2 * Standard 63, Recommended Practice for Con- 
ventions Applicable to Electrochemical Measurements in Corrosion 
Testing (1981), and G5, Polarization Practice for Standard Refer* 
ence Method for Making Potentiostattc and Potenttodynamic Polar- 
ization Measurements (1932). The rapid-scan potentiodynarntc 
technique has also been reviewed recently by Stebert 27 * 89 To per- 
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Cumrt Density 

rmtrai chloride ^um s^^^J ^ a / nc8$ on tf» erf*** 
from eftter therroodynam/c or tt/ienc in _ 

ovefvottage. 2 * 



tor a metal immersed to ^^TnZsurements would be con- 
ducted upward to determine E» ana — 

TABLE 2 - 8 



Additions to Sterile Medium 



P H (±0-03 Vsce) 



None 
None 
3%NaCI 
3% NaCI 
3%NaCI 
3% KaCl 



+ 
+ 
+ 



V. alginofyticus 
V. aiginolyticus 



+ SRB 



8.0 

7.0 
.8.0 
7.8 
7.5 
7.3 



-0,21 

-0.23 

-0.37 

-0.43 

-0.51 

-0.60 




LOG I 

tho vffact of an increase in . 
FIGURE 8. Scnernat/c W" *J £ b *^L, gs, /wdng ««e 

stainless affoy, SS C . 
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for bacterial cultures was 4 days. 

torm the test, one ^^iS^reT^^ 
sion potential, or at a P^^ 5 ^^^ potential and into the 
• »*scan direction,,-* 

passive andtranspass.veja^^'^^ M - 
to the corroswn poterfcal ^ ^ sleeps. . ,:■ 

enttetest may consst ot ""TJ^S •* «- be manipu- ' - . 

One of P**** in,hean - 

lated is the sweep «*J*?*J*? ^lalrvely high scan rate 
«6c (more electrop«*ve anodic activity 

of60 Vm Is used to ^^^^ used to document 
.. is litely. Slower sweep ^ sd ^'^ rapi d sweep has 
fegio* in whiclt relative ^^^.^currents 
^ect of MM Ifil" ^^^condifions. The*, 
observed relate to ^ film * J^Z^fe to aUow time tor filming 
jeato of a stow sweep rate^en^ um ^ ^ 

tt occur. Slow scan ^™^^changes in the envuon- 
metal surface, but increase^ cMftte« corrosion po- 

ment or in biofilms at ^.^"^XuTreaction conditions 
tenW. High scan rates f^* ^STstabUity of the enrf- 
at the metal surface, but better tentials often used 

renment At any scan '^^rf, the organisms In the 

in potentiodynamic ^^^aSon above. Tta* «e 
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„h and the concentrations of oxygen and hydrogen at We metat- 
KenWrms, the scan rates discussed above. whiclv can 
Kesf vaZtes. are very important when appMng ^ 
S^techniques to MIC systen^Rapld scants can be 
"led u> develop a database for .possible expected »™*™JV 
Z« Jor the fL-free metal in a given errvfronment Mediate 
n^^maybe selected to correspond to a part^tofito 
SoTraTwhile very stow scan rates may 
S°ements of the relatively steady-state cordis n the pres- 
ent a mature bfotilm. Thus, no single scan rate .s appropnate 
tor use in an MIC investigations. 

Two useful parameters that can be a^^^SS?*^ 
miC ally (or potentially) are the breakdown ^ 
£ed fcrther below) and the rer^vampote^rThese cor 
J-oond to the potentials associated with prt ,om ^^ 1 - u _ r 
S« during a cyclic potent sweep as f™"**™ 
9 Anexample of the use of E* values. 
^Sethod was grven by Gaylarde >*™%^J* 
SLmai data in Table 2 show the •f*^£25? 
mental conditions on E». These data «"^££S££m 
a marine strain of Vibrio algindybcu* to a stente 3% N^meo 
was able to shift the E„ of mid steel markedly ui me ^9*" " 
^on making pit initiation more likely. Further additions c< 10 
^and^B both, produced ^^^^ 
with the SRB additions gMng the largest ^SEMob^rvau 
of biofilms formed on mild steel samples 
ginolyticus or in the presence of a ^^^^ 
SBBoave additional support to the electrochemical 

clearly debated the impose of rnicrobial 
consortia in the enhancement of corrosive effects. 



Determination of Pitting Potentials 

Microorganisms often stimulate localized ^°<^ V * 
attack. suchT pitting, depending on the passive «^«jand 
repairing capacities of the metal or alloy. Orfferent metfodsfor 

details of the experimental ^™^ u ^ m J^7ecWes 
strictly speaking, the value measured . 
should be called by a different name. As ^^^'"l 0 ™ . 

T m nntanSaf E is usually defined as the most noble poien- 

pitting porenwai, r^pp, » <*~=-t • «iahle and oils. do. 

tolat which the r^ssrve current c^rsity^rB^tearop 

tons. If measured carefully, Ecw. is independent of the geometry . 
of the spedmen and the test apparatus. - 

in contrast Is the breakdown potential, ^^ff^^: 

notarization sweep techniques discussed m the previous seawn. 
K^kSined defends on both the sweep rale and ex- 

perimenlal geometry. 

It is beyond the purpose and scope of this paper to idisojss 
the oreat variety of experimental techniques for mm i P*»B 



While *o information exists in the frte^e ^*f^ 
e(llriies it has been shown In several laboratory stodtes mat 
studies, it na» „.. iriQ m icroomanJsms decreases 

»» cTmnS metals and alloys to 

(makes toss noble) ^J^^^owed the effect of SRB 
varied media. One ?^ *JJjS£*o anodic polarization 
and sulfide ' "^^K^anaerobic artificial 

SgiSSffi SdWons of SRB and sodium sulfide 
seawater (Figure TO). ' TO 20 „ mV more active than 

resulted in equivalent Ep vaJues nw hb «* suagested that, 
in seawater alone. These <T2£%tt?ES adde* 
since the SRB behaved in ^^f^^"of mild 
sulfide, the action of a ^"^^TpSon. In adoT- 

S. .Z tevels of su«ides were needed 



induction Time for Pit Wjctoajto? ^ 

The time ft takes to form, the first prt on a passw* 

rsofuWntakiing aggressive artor^g. ^"des^ 
« trades) Is called the induction time for pit iruhaton. rAr aeon 
or sumaes; » w» thA induction time depends on cntonoe 

-rt ^^^Fcr a^r^^creaseTas either the 
ion concentration. For a 9« ™^ or both are increased. How- 
chloride concentration orthe P«eni« ^ and on the 

Sr^^r^rderS^ime at a constant applied an- 
changes in * e i ^^°r~^ l !! iated there is a sudden Increase 

v /the lvalue for 2024 aluminum aBoym 10 wsooum 
have a similar effect - . ' * .. 



Polarization Reshtehce ^'applied to 

On© of the electrochemical methods mat nas °^'J***\ 
MIC S£ £r *e last sevarai years ^^rffnS is 

(or linear *ttl£3!££X M> 
T " TJlS SJ tSS density, when the 
the applied potential aw J™ ?~ + 10 mV of the corrosion po- 

^P**?! ^aZTp^ «hat the Wer- 

tential. The technique is baseaon re k inversely 

face behaves as a s«npte ^^^^oTthe potential- 

source, an ammeter, a voiuncu*. r instan taneous 

are beginning to find increasing use in monitoring insianxan 

corrosion rates in industrial plants. 
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Current Density, pA/cm 

anaerobic artificial seafarer" _ _o 510 V; and /n saawatef 
Mfal suHides = 0.001 M an*5«*» - *' 
5 cl n.QOI M sodium sulfide (») : 





M sodium chlorite.** Potentiaiwas 
and (c) -0.48 V. 



ing equation: 



2^3 ^ + p e ) is a constant, B. Hence, w «»« 06 9 ,wo * 



relationship 



^ ^ at constant potential* recorded in 

irnnf-'f- "«»/ ^-o.50V;W-o^ y -. 




U = B (Ai/AE) 



(5) 



piguRE 13. mmm^t * com*** » » --l 
resistance technique^ 



with B being ««* ^ 

mental data, fti 9»n^" ^ agreement with coito- 
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tions. 

,„ practical situations. electrochemical ^temsare^ 
more co^ex , h an me sjmpte rrcde^ - ^^JS" 
resistance method. Metal ^f*^^lWed) *»> 

organic and biological rims. " . ^ capacitance in 
behaves more like a <»^f^ * re ^*^ * anWompav 
parallel than tike a P« * blofilms in any 

sated IB drop through the ^ introduction 

MIC situation further complies tt^U^nj v. 
of additional electrochemical ^^^^eZsTuT 
which can lead to * 

o«» and ca^d es tt* are. «ed ^^Jg^S^ 
ooposed to the randomly spaced ana mow* 

required ^^^^K^SSS the 
tions. the calculated polarization resistance y*"" . 

and cathode areas are —so mi 
know how to determine the curren • ap- 
which icon is calculated « ^S^tiS^ K 
preaches zero or infinity. This makes it d ****"™SL reaton , « 
Passive metals lor which p. is very large m the P^ e /®^' w 

r'^oa^^^S^edV 

microbial effects on corrosion rates. 

The polarization resistance method can be «seW ton 

curs. The problem is that it is not "S^ys« ^ ^ rale 

from the polarization resistance corro- 
changed. only that it did. Mor^e^b^sj^ca ^ 
sion are present, the polanzaton *^^£^ rate ^ 
that something is happening, but may not gwe an ac™ 

sure of the corrosion rate. 
a crmtPAi RFSI STANCE PROBES 



. . „mhp will indicate very fitte corrosion 
An etectrica resistance prooe win *. ——-w . 

if the^omSonproducte ^^^^^^^^^^^g ftartfomis 
* "^ITmCuZT^^ tocanzedforms of oor- 

in conjunction with other methods. 



SPLIT-CELL MEASUREMENTS 



e ^^^^nSy^rtionai to the cross-sec ; 
resistance of the prone is ******* ,7_ naraiure Thus, at con- : 
tonal area and directly proporuonal to 
stan, temper, corrosion of the pt.be. i Vifeally 

measunng the electrical resistance. • °l- bBtween m two 
men determined from the increase nnmum ^fl!^ 

pitting, crevice corrosion. sfress "CSS-m have 
of corrosion, but with only limited success. 
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A„ etectrochemica. «^^*ST 8 Kef *e 
sessment of microbial 

^ of a split ^^^ful^^rLny. this type of . 

SI^Sn^«leo wiU> the ^me^ctro- 
^ l ^^^^atS^«netalelec<rc^.Oneof 

stwteand the other is inoculated*** 
these electrode ^^f_^ T !T exterria i electric circuit is 
the microorganisms «^ a ™'„ ta( , while the con- 

Inherent in uus meu ^ « wmid be no current 

trodescanbe sortie condi- 

flow as long ^"f^^Son m the case of steady- 
tion. Thfe may be a re f^l^wssMty where neither etec- 
state uniform corrosion, or for ^ e J ) ^*; K „ nca 0 , the 

undergoes potential ^^"f.J^Jh « the 
microorganisms, it is P"***"* Sr ln S« case, the po- 
300 aTeSSvariaWe that currents 

tentials of the two eled ^^^„^ , n ^ r oorganisms are 
could flow h either direcuon v*ett«r « ^Saftom sf ^ 
present. In such systems, interpretation or tne t~ 
experiments Is not straig^orwaro. h that, under 

does not separate the anodes ^r^^^ng. Thus. K is not 
nticrocens. but only method to 

a simple matter to relate 1h « f^H^ttofitm or with da- . 
.. MIC on real structures covered with aspony www. 

nave ^"jr^iS^c^t a n«u» P^dorrwoas on 

corrosion of copper. 30 "tt„ „ ^ tanr^xkfizing stalked 
• bacterium on the conostono ^^i^^T^ ace- 
: . ' - bacterium on the corrosion of mdd *<^*^!^ r a 
tic acid producing bacterium on the cathod* depolanzatwn or 

stainless steel. 4 * - 



AL TERNATING CURRENT METHODS 

. ♦«^«^ntt« assess the overall corrosion pro- 
Direct ^f^^^^t the metal/solution in- 
cess occurring at a metal surface, r^uca accuracy and re- 
terface as if it were a pure r ^ H ^^S of direct 

current °™ development of corn- 

impedance spectroscopy ( El ^) J^ 1 ^ ^3***™*** 
merdalty available instrumentation currently allows me^ 

Corrosion- April 1»1 
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SSSSSSKsSSSSS 1 --- 

Sues are potency useful In ^' «£f^ N a e ctrolyte sys- 
a^Kel^andeasi^^^ 

tems involving corrtrwous thin films **W fetation 
^ caution shoiid. and biological 

horn MIC ^ST«Zuous surtaca ca«- - 

films tend to otovjda <W**"*£T ^^ness. It is ranr to fir* 
age. and these Sms em ^^"V ^j, ma that meet the 

criterion of rjemg thin ^ .^"^ ^ mlck . Nevertheless. E1S 
have become nearly ^^"^^vered electrodes 

** *1^!2£Z S^o^age sunUarry 
and may be helpful in «*s»nB » 
to its use in determming ^P 0 ^ 0 ' ,Xee„ etectroc^rm- 
BS t^^^^Jtirnes. A given electrochem- 
cal reactions alternating current signal 

ical reaction wffl only time for the rate Bm- 

wbose period is ^^^^me interlace. The evalu- 

iting step wefawid ° 
ato, of the impedance specWJ^ 0 tf6 anguish among the 
range of frequencies can Mnl be between the metal 

^ processes ^^*" and a film or coating, 
and the electrolyte or been for assessing 

One of the most ^coating material Per- 

the performance of ^anouswieso » M6SpK3S i use of BS 
hapTthe most serious the Instruments 

«*iee5 asf* — * — a,e **** 

cautions that should be observed: 

velopment of ^r^l^The^uivatent circuits 

(2) Tr»»rrfbmatiWOtmWB^^ 

SSKSS SS! dynarrfc 
lyte. Hamer, miwvu . occurrino under the irmu- 

which changes are ^^^ ^ch changes can 
ence of the organism's rnetabcM.sm. ^ # 

cause short-term^ 
the metaWnm interface, causmg locaiizeo 
the film that is not easily detected ^ 
, (4) Thepen^ 

time necessary to fl*» ™ ^ e auencies ol the ap- 

chemical eondittons. 5 ' ^ include the use of 

Several P^" 0 "*"" , detailed description of 
this technique in MIC 'ese^Hwever^ fc ^ 

^ results^well ^^^ussion on *e data* 
. P-nRBOSlON-Vd- 47. No. 



n r ^pnr.MEMlCAL NOISE 



V _!-»! nntee technique, the metal specimen 

m be tested Is J^f* level changes k. poten- 

Inert electrode such as P^^^r ^ a sensitive vottme- 
M are then measured across tne res a computer. 

» connected to a ^.^^^ amplitude of the poten, 
^eoretically. *^^J n ^Sm greater the number 
tial fluctuations observed **fl£*on and thus, the 

of events P"**r^ffi* w*** " has Sf 8 ?.^ 
hfcher the corrosion rate. ^^ detect onset of tocataed 
vacated recently that its ^ generalized corrosion. 

corrosion. ^^SS^S^SS*^ 
a* specify ^ ?£fi£3 ™chmqu* " 
or pfflino, ^ specimens P^"*^ - 

■'fflS33SSanr*-' ,-,, "" , 

study of anaerobic corrosion ofuon oy a ^ jn)n ^ 

^accompanying ^ e ^ d t me laboratory. Such nuct- 
Me film on iron have te ^^r^,eel ^ h ^ field." 
ations have also ^'^^^vrith areas of anaero- 
and ft may be possible to wrre^te tns Qf eleotrochemi . 

STconoslon of the P^Another app«c ^ in ^ 

cal noise ' "tfj r S study of noise analyste 

corrosion of ^^^^^ shows that noise analyse can 

Dial effects on corrosion in the future. 



SUMMARY 



. ^ i, omt aiovs can drastically alter 
► Microbial colomzation ol rr*Ws^nd auoys^ ^ ^ 

^eir corrosion behavwr ^ J^^^cof^ntrations of 
W causing tocalfced ^^^oXsional barriers to the 

ions, P H, and oxygen le ^ 1 " ^ekl/soi"* 0 " ****** ^ . 
transport of chemicaV^at tt«me«v . 

: - be-wrtroduced by m «^^ m P ^posttion and type of «>"°1_- , ; : 
tocatized changes m P^^^^esTthe measured electro- , 
^ ^^'^^^t^^irnertal methods discussed 

. chemical parameters useo m w w 

above- • £ 

cm be rriate uneW l^ eond '" 
k Etectr«iien^rf^rerr^<^ « 

' ro^t^^ory and ^ that wo* best 

e^oohemicalmethc* «ea^^J^ on ,he metal 
v»hen the chemical ^ el ^ t ™^ By their very nature, bo- 
surface are uniform ^^^^-uniform and variable. 

films tend to create co «*?^2whi n * - | condifi0nS ^ - 
Moreover. ^ *^ a ^TKSance to thoseln the 
UUbiofflm interface interface in the absence 

bulk electrolyte or at the •^"fdTiations from steady state 
o, ,he Uoflm. In ^£^w***ot^*~ 
required by some of *^™*?5te n\ertace that alter the acww 

ization) can produce condrtlons at the .nte each of the 

ies of or even kill the organ^ms^^ 

etectrochem^ ^'^^^iS. and none of them 

SSJK r^-S^S. c, those l^ and a 

reluctance to overinterpret the data. 
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L inorganic physica ' 

tee- metal/solutan ^never possible, in- 
vestigatons on MIC. whether basfc ^ use ^ 

tipte methods. The ^'^'^sual inspection, weight- 
should be coupled v^P^«hv^ ^^s, an d an 
loss measurements, modem ^^^^ZZ^ 
adequate characterization o»toVP«flcJ SS* actM- 
irr/oWed. their interactions. JETd irwes tiga- 
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